Secreted peptides, produced by enzymatic processing of larger precursor molecules, are found throughout the animal kingdom and play important regulatory roles as neurotransmitters and hormones. Many require a carboxy-terminal modification, involving the conversion of a glycine residue into an a-amide, for their biological activity. Two sequential enzymatic activities catalyze this conversion: a monooxygenase (peptidylglycine a-hydroxylating monooxygenase or PHM) and an amidating lyase (peptidyl-a-hydroxyglycine a-amidating lyase or PAL). In vertebrates, these activities reside in a single polypeptide known as peptidylglycine a-amidating monooxygenase (PAM), which has been extensively studied in the context of neuropeptide modification. Bifunctional PAMs have been reported from some invertebrates, but the phylogenetic distribution of PAMs and their evolutionary relationship to PALs and PHMs is unclear. Here, we report sequence and expression data for two PAMs from the coral Acropora millepora (Anthozoa, Cnidaria), as well as providing a comprehensive survey of the available sequence data from other organisms. These analyses indicate that bifunctional PAMs predate the origins of the nervous and endocrine systems, consistent with the idea that within the Metazoa their ancestral function may have been to amidate epitheliopeptides. More surprisingly, the phylogenomic survey also revealed the presence of PAMs in green algae (but not in higher plants or fungi), implying that the bifunctional enzyme either predates the plant/animal divergence and has subsequently been lost in a number of lineages or perhaps that convergent evolution or lateral gene transfer has occurred. This finding is consistent with recent discoveries that other molecules once thought of as ''neural'' predate nervous systems.
Introduction
Many neuropeptides and peptide hormones are posttranslationally modified by a-amidation, involving the conversion of a carboxy-terminal glycine residue into an amide. The presence of the amide moiety is often essential for the biological activity of the peptide (reviewed in Eipper et al. 1992b; Merkler 1994) . Familiar examples include oxytocin, vasopressin, and substance P. The only enzymes known to catalyse the a-amidation reaction are the consecutively acting peptidylglycine a-hydroxylating monooxygenase (PHM) and peptidyl-a-hydroxyglycine a-amidating lyase (PAL) (Bradbury et al. 1982; Eipper et al. 1992b; Kulathila et al. 1999) (fig. 1 ). The importance of these enzymes is evidenced by the fact that PHM deficiency results in embryonic lethality in Drosophila melanogaster and the mouse (Jiang et al. 2000; Czyzyk et al. 2005) . Peptide amidation is a common feature of eumetazoans, as even the early diverging Cnidaria rely on amidated peptides for neuroendocrine and developmental functions (Grimmelikhuijzen et al. 2002) . Each of the metazoan enzymes is assumed to have a single origin based on their structural similarity and the conservation of specific residues in the catalytic cores of PHM and PAL (for detail see fig. 2 ). PHM is homologous in both sequence and mechanism to dopamine b-monooxygenase (DBM), which converts dopamine into norepinephrine (Prigge et al. 2000) , but the two can be distinguished as described in the Materials and Methods.
In mammals and other vertebrates, both PHM and PAL activities are contained in a single bifunctional polypeptide, encoded by a single gene, and referred to as peptidylglycine a-amidating monooxygenase (PAM) (Eipper et al. 1987; Glauder et al. 1990; Eipper et al. 1992a ). This polypeptide is sometimes cleaved posttranslationally into its two constituent parts, each of which can function independently. Some invertebrates, too, possess a gene encoding a bifunctional enzyme: the first to be reported was in the marine mollusc Aplysia californica (Fan et al. 2000) . Other variations include four different PHM domains upstream of PAL in another mollusc (Spijker et al. 1999) and separately encoded PHM and PAL in Drosophila (Kolhekar et al. 1997b; Han et al. 2004 ) and the flatworm Schistosoma (Mair et al. 2004; Atkinson et al. 2010) . Stand-alone PHMs were also reported, and a separately encoded PAL posited, for another flatworm (Asada et al. 2005 ) and for a sea anemone (Hauser et al. 1997; Williamson et al. 2000) . The finding of both bifunctional PAM and monofunctional PHM in the nematode Caenorhabditis elegans indicates that separate and joint encoding of the two enzymes are not necessarily mutually exclusive within a species (Asada et al. 2005) .
Transcriptional and posttranslational regulation of these enzymes is complex. For example, the extensively studied rat PAM has at least seven splice variants across different tissues, including transcripts coding for soluble and membrane-bound PAM and for PHM alone (Eipper et al. 1993) . Other transcripts allow alternative forms to be generated posttranslationally via the inclusion of proteolytic sites between the two domains, before the transmembrane domain, or before the cytosolic tail of membrane-bound PAM (Eipper et al. 1993 ). The cleaved cytosolic tail of PAM has been shown to localize to the nucleus and regulate transcription and perhaps ultimately secretory vesicle metabolism (Francone et al. 2010; Rajagopal et al. 2010) . Splice variants, although less numerous, have been identified in other species including human, the frog Xenopus laevis, the mollusc Lymnaea stagnalis, and the anemone Calliactis parasitica (Glauder et al. 1990; Iwasaki et al. 1991; Spijker et al. 1999; Williamson et al. 2000) .
Consistent with their essential role in activating neuropeptides and peptide hormones, high levels of amidating enzyme expression have been found in neural and endocrine tissues; however, expression at some level is also found in many other tissues (summarized in Bradbury and Smyth 1991; Prigge et al. 2000) . This raises the possibility of functions in addition to peptide amidation, and indeed, PAM can work on a wide variety of substrates, including those resulting in the production of fatty acid amides (Merkler et al. 1996) . On a cellular level, amidating enzymes are expressed in the secretory pathway and are found in great abundance in the secretory granules that also contain their peptide substrate (Mackin et al. 1987; Oyarce and Eipper 1995; O'Donnell et al. 2003; Mair et al. 2004) ; from this point, the soluble form is secreted and the membrane-bound form recycled through endosomes (Bäck et al. 2010) .
To better understand the origins and evolution of the bifunctional PAMs and their ancestral roles, we characterized PAMs in the coral Acropora millepora, a member of the phylum Cnidaria, sister group to the Bilateria, and conducted a broad phylogenomic analysis of the available genome sequence data.
Materials and Methods

Identification of Acropora PAM Sequences
The A. millepora expressed sequence tags (ESTs) (Technau et al. 2005; Grasso et al. 2011) and transcriptome data (Meyer et al. 2009; Moya et al. 2012) were searched using TBlastX and TBlastN and query amidating enzyme sequences from a closely related sequenced organism, the sea anemone Nematostella vectensis (identified in Anctil 2009; accessions XM_001634152 and XM_001626445). Sequences which, when used as queries to search the Genbank nonredundant sequence database, had known PAMs as top hits were assembled with DNASTAR SeqMan (Lasergene), resulting in the identification of two predicted A. millepora PAM sequences, AmPAM-1 and AmPAM-2.
Verification of Predicted Transcripts
To verify the existence of the predicted AmPAM-1 transcript, primers were designed to match the 5# and 3# untranslated regions (UTRs). For AmPAM-2, primers were designed to the beginning and end of the open reading frame. These primers were then used with Platinum Taq DNA Polymerase High Fidelity (Invitrogen) to amplify products from first-strand oligo dT-primed cDNA prepared from planulae and from adult coral treated with the herbicide diuron to remove the symbiotic dinoflagellate, Symbiodinium sp. (Negri et al. 2005) . Details of primer sequences and reaction conditions are given in supplementary methods (Supplementary Material online). Polymerase chain reaction (PCR) products were purified using the QIAquick PCR purification kit (Qiagen) and cloned into pGEM-T Easy (Promega). Plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen). cDNA clones corresponding to AmPAM-1 and AmPAM-2 were also obtained from a planula cDNA library (Brower et al. 1997 PHM is copper-, oxygen-, and ascorbate-dependent and hydroxylates the a-carbon of a glycine residue at the carboxyl terminus of the substrate peptide. The resulting intermediate, peptidyl-a-hydroxyglycine, is dealkylated by the zinc-dependent enzyme PAL, releasing the final a-amidated peptide and glyoxalate. The first reaction is rate limiting in the production of amidated peptides (Mains et al. 1991) ; the second proceeds spontaneously under neutral to alkaline conditions (Tajima et al. 1990; Bundgaard and Kahns 1991) but requires PAL activity in the acidic secretory vesicles where the reaction generally occurs in vertebrates (Eipper et al. 1992b 
Detection of Transcripts
cDNA blots (''virtual northerns'') (Endege et al. 1999; Franz et al. 1999) were made using the Clontech SMART cDNA Synthesis Kit, according to the manufacturer's instructions, with RNA prepared from staged embryos, larvae, and adults. After gel electrophoresis, the cDNA was blotted onto HybondN (Amersham). Domain-specific probes were prepared by PCR (primer details in supplementary methods, Supplementary Material online) and labeled with 32 P using the Prime-a-Gene Labeling system (Promega). Filters were exposed on a phosphor screen, which was scanned in a BioRad Pharos FX Plus Molecular Imager.
Survey of PAM Sequences across and beyond Metazoa
A comprehensive list of potential PAM, PHM, and PAL protein sequences was produced using the Conserved Domain Architecture Retrieval Tool (CDART); sequences with the domain structure Cu2_monooxygen (pfam01082)-Cu2_ monoox_C (pfam03712)-NHL (pfam01436) were evaluated as potential PAMs, Cu2_monooxygen (pfam01082)-Cu2_ monoox_C (pfam03712) as potential PHMs, and NHL (pfam01436) as potential PALs. Taxonomically restricted TBlastN searches of the Genbank nonredundant (nr) nucleotide and EST collections, using the A. millepora PAMs as queries, were used to find and add to this list PAM, PHM, or PAL nucleotide sequences (often incomplete) not accessible to CDART and to survey particular taxonomic groups more comprehensively. Groups searched and criteria used for recognizing PALs, PHMs, and PAMs are given in supplementary methods (Supplementary Material online). Although PHM shares many conserved catalytic core residues with its evolutionary relative DBM, overall their sequences are sufficiently divergent to be easily distinguished in alignment and phylogenetic analyses (see clustering of DBMs in fig. 4 ; Asada et al. 2005 contains another example), even where the PHMs are from distantly related organisms. Additionally, DBMs are characterized by the presence of a DOMON domain (pfam03351) and the absence of two catalytic core residues, R 240 and N 316 , that are universally conserved in PHM (Prigge et al. 2000) . The sequences discussed in this study (and listed in table 1) are from a subset of metazoan species representing the major animal phyla, in addition to all PAMs, PHMs, or PALs which could be identified in nonmetazoan species.
Phylogenetic Analyses
Amino acid sequences were initially aligned in MAFFT v6 (Katoh and Toh 2008) using primarily default settings but with the alignment strategy set to E-INS-I, as is recommended for large numbers of sequences containing multiple conserved domains and long gaps (Katoh et al. 2005) . Ambiguous regions of the resulting alignment were removed in trimAL (Capella-Gutierrez et al. 2009 ) online at the Phylemon2 server (Tarraga et al. 2007 ). The final alignment comprised 50 taxa and 428 amino acids. MEGA5 (Tamura et al. 2007 ) allowed the determination of the most appropriate amino acid substitution model for phylogenetic analysis as WAG þ G þ I, which has the lowest Bayesian information criterion and Akaike information criterion (corrected) scores. Phylogenetic analyses were performed using PhyML ver. 3.0 (Guindon et al. 2010) for maximum likelihood (ML) and MrBayes ver. 3.1.210 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) for the Bayesian inference (BI). The ML analysis was performed under the WAG model with a nonparametric Shimodaira-Hasegawa-like functional roles have been identified are indicated by dots. Numbers to the left of the rat sequence indicate amino acid residue numbers in that sequence. As most structural and functional analyses have been conducted on the rat protein, it provides the reference for discussion of conserved residues. Rat PHM binds two copper ions, which are essential for catalytic activity and are coordinated respectively by three conserved histidine residues (H 107 , H 108 , and H 172 ) and two histidines and a methionine (H 242 , H 244 , and M 314 ) Yonekura et al. 1996; Prigge et al. 1997; Evans et al. 2006 ). Tyrosine 318 is thought to hydrogen bond with the substrate in the active site; R 240 and N 316 may also participate in this hydrogen bonding (Prigge et al. 1997) ; and the mutation of Y 79 alters the kinetic parameters of the enzyme. R 240 and N 316 distinguish PHM from its evolutionary relative DBM, which has a similar reaction mechanism and shares many conserved residues Prigge et al. 2000; Bell et al. 2003) . Conserved cysteine residues C 81 -C 126 , C 114 -C 131 , and C 227 -C 334 (the last of which is not shown) form structural disulphide bonds (Kolhekar et al. 1997a ). Dark gray shading indicates residues that are identical in more than half of the sequences; light gray shading indicates residues that are similar in more than half of the sequences. (C) Alignment of the PAL domains of AmPAM-1 and AmPAM-2 with Drosophila (Dm) PAL and the PAL domain of rat PAM. As in figure 2B , conserved residues that have been assigned structural and/or functional roles are indicated by dots: The rat PAL domain contains three conserved histidine residues (H 585 , H 690 , and H 786 ), which coordinate a zinc ion in the active site; Y 654 and R 706 in the active site are also essential to catalysis; D 705 is in the active site and R 533 contributes to catalysis (Kolhekar et al. 2002; De et al. 2006; Chufán et al. 2009 ). Tryptophan 538 provides a hydrophobic pocket for the substrate, and V 520 and L 587 coordinate a structurally important calcium ion in the central pore (Chufán et al. 2009 ). A disulphide bridge, C 634 -C 655 , is thought to position the essential Y 654 for catalysis; H 532 , D 590 , D 599 , H 603 , and D 652 are thought to have individual structural roles (Kolhekar et al. 2002; Chufán et al. 2009 ). Dark gray shading indicates residues that are identical in more than half of the sequences; light gray shading indicates residues that are similar in more than half of the sequences.
Attenborough et al. · doi:10.1093/molbev/mss114 The Ancient Origin of PAM · doi:10.1093/molbev/mss114 MBE procedure. For the BI, two runs (four chains) each of 10 million generations were calculated with topologies saved at each 1000 generations. Average standard deviation of split frequencies between runs converged to less than 0.008, and average potential scale reduction factor was 1.000. The first quarter of the 10,000 saved topologies were discarded as burnin and the remainder used to calculate the posterior probabilities. Similarity to DBM (greater than to PHM) was also found between bases 9865348 and 9866667 in the same genome.
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Note.-Sequences listed from bilateral animals (Vertebrata, Urochordata, Cephalochordata, Echinodermata, Hemichordata, Platyhelminthes, Mollusca, Annelida, Nematoda, and Arthropoda) and cnidarians represent a sample of those available in online databases, including those investigated in the literature. Other major groups (Ctenophora, Porifera, Placozoa, Choanoflagellata, Fungi, Alveolata, Haptophyceae, and Viridiplantae) were searched more comprehensively, and the sequences listed here are the only ones obtained from those groups that have most or all the critical residues in the catalytic core of that enzyme (as determined by homology to rat PAM) and are not suspected to be contaminants from other species (see supplementary table 2, Supplementary Material online). The term PAM/PHM/PAL-''like'' is not strictly defined but marks sequences that are notably incomplete, atypical, and/or low in conservation of key residues. a Functionally characterized. b Atypical sequence; missing one or more residues that are essential in rat PAM, in an otherwise orthologous sequence. . 2) . The domain organization of both (PHM followed by PAL in a single transcript) is similar to that of PAMs from vertebrates and some invertebrates (A. californica and C. elegans) and dissimilar to that of the single-domain transcripts reported in D. melanogaster. Complete cDNA clones of both transcripts, AmPAM-1 and AmPAM-2, were obtained, confirming their existence and enabling definitive sequencing. AmPAM-1 and AmPAM-2 encode proteins of 1009 and 699 amino acid residues, respectively. The two proteins have 41.7% identity and 56.8% similarity over a 701 amino acid alignment (EMBOSS Matcher, European Bioinformatics Institute). Both AmPAM-1 and AmPAM-2 are predicted by SignalP and Phobius to have signal sequences, and for AmPAM-1, a transmembrane domain is predicted to be present close to the carboxy-terminus ( fig. 2) , followed by a short cytosolic tail. By contrast, AmPAM-2 is predicted to be soluble (Bendtsen et al. 2004; Käll et al. 2004 ).
Alternative Splicing, Cleavage, and Expression of Acropora Amidating Enzymes
In addition to full-length PAMs, a transcript encoding only the PHM domain of AmPAM-2 was identified in an A. millepora EST library, and the cDNA clone was sequenced in full. Except for some allelic differences and an altered region of 68 nt, this shorter transcript is identical to the 5#-end of AmPAM-2, but at a point after the end of the PHM domain, the sequence diverges to include a stop codon followed by a 3#-UTR and a polyA tail. The genomic sequence of AmPAM-2 (http://coralbase.org/) reveals that both the altered region and the end of the transcript result from the use of alternative exons. cDNA blots (''virtual northerns'') using probes from both domains of Am-PAM-1 and AmPAM-2 were consistent with the cloning results ( fig. 3) ; bands of ;4 Kb (AmPAM-1) and ;2.5 Kb (AmPAM-2) correspond to the full-length transcripts, and in the case of AmPAM-2, an extra ;1.5 Kb band detected by the PHM probe but not the PAL probe corresponds to the PHM-only transcript. Fainter bands in blots for both genes may represent additional minor transcripts. The virtual northern blots also show that both AmPAM-1 and AmPAM-2 are first expressed at high levels in the motile larval presettlement stage ( fig. 3A-D) . When the larva settles and undergoes metamorphosis into a primary polyp, AmPAM-1 expression transiently disappears, but then reappears in the sedentary adult stage ( fig. 3A) . By contrast, smaller decreases occur in the expression of both AmPAM-2 transcripts during the transition from larva to primary polyp ( fig. 3C and D) , with further decreases apparent in the adult.
Potential posttranslational proteolytic cleavage sites occur between the two domains in both AmPAM-1 and AmPAM-2; these potential cleavage sites are monobasic and dibasic, respectively. High throughput DNA sequencing led to the identification of an additional transcript containing a five amino acid deletion that removes the potential cleavage site in AmPAM-1 (see supplementary fig. 1 , Supplementary Material online). AmPAM-1 transcripts with and without this deletion were verified by isolating cDNAs as well as by PCR and are likely to represent allelic variants as no corresponding alternative exon is present in the genome. In many vertebrate PAMs, PHM and PAL are separated by an alternatively spliced exon (exon A; Eipper et al. 1992b ), which contains a proteolytic cleavage site;
FIG. 3. Temporal expression patterns of the coral PAM genes and alternative splicing of AmPAM-2. cDNA blotting was used to investigate the temporal expression patterns of AmPAM-1 and AmPAM-2 transcripts using cDNA prepared from eggs (Egg), prawn chip (PC), presettlement larvae (Pre), postsettlement polyps (Post), and adult coral (Ad). A 4 kb transcript encoding both PHM and PAL domains is detected with radiolabelled probes from the PHM domain of AmPAM-1 (A) and the PAL domain of AmPAM-1 (B). A 2.5 kb transcript encoding both PHM and PAL domains is detected with radiolabelled probes from the PHM domain of AmPAM-2 (C) and the PAL domain of AmPAM-2 (D). However, when probing with an AmPAM-2 fragment that lacks the PAL domain (C), a 1.5 kb transcript, missing from the blot probed for AmPAM-2 PAL alone (D), was detected-this transcript encodes only the PHM domain. The identity of the band at ;0.5 kb in (D) is unclear, but it is too small to code for PAM, PHM, or PAL. (Shimodaira and Hasegawa 1999) . Several representative sequences from the DBM family, which is closely related to but distinct from PHM, were used as the outgroup (indicated by purple shading). BI yielded a very similar topology; numbers below the nodes on the ML tree indicate posterior probabilities for these same nodes in the Bayesian analysis, with asterisks indicating polytomy. The major difference between the ML and BI trees was that in the latter the vertebrate, invertebrate PHM-only, and invertebrate PAM clusters (although each individually wellsupported) formed a trichotomy (supplementary fig. 2 With the exception of X. laevis (which is tetraploid and has two PAMs), a single PAM locus is present in all the vertebrates investigated. By contrast, many bilaterian invertebrates (classes Urochordata, Cephalochordata, Echinodermata, Hemichordata, Platyhelminthes, Mollusca, Annelida, and Nematoda) possess loci encoding monofunctional PHM, PAL, or both (sometimes with more than one of each) in addition to a single bifunctional PAM. Among the arthropods, the water flea Daphnia pulex has a single bifunctional PAM, two PHMs, and a PAL, but all insects investigated (representatives of diverse orders) lack PAM and encode the domains separately, as has been reported for D. melanogaster (Kolhekar et al. 1997b; Han et al. 2004) . Although the survey presented here indicates that many invertebrates have discrete loci encoding monofunctional and bifunctional enzymes, there have been few previous reports of this in the literature. In the case of the flatworm S. mansoni, monofunctional PHM and PAL have both been the subject of detailed studies (Mair et al. 2004; Atkinson et al. 2010) , but PAM has been reported not to be present. However, a putative S. mansoni PAM (accession XP_002577649) distinct from the reported enzymes has been identified in the genome sequence by Berriman et al. (2009) .
Studies specifically investigating amidating enzymes in cnidarians reported the presence of a PHM-only gene in the sea anemone C. parasitica (Hauser et al. 1997; Williamson et al. 2000) , leading to the assumption that cnidarians lack PAM and, like insects, encode PHM and PAL separately. However, as mentioned by Han et al. (2004) , C. parasitica does have a PAM sequence (accession AAG44250), distinct from the reported PHM. These data for C. parasitica are broadly consistent with our survey of other cnidarians. A. millepora has two PAMs, and the sea anemone N. vectensis has at least one definite PAM and two PHMs, one of which is likely to be a splice variant from a second PAM locus as a PAL-like sequence occurs immediately 3# of the PHM match in the genome. The C. parasitica PHM-only sequence (accession AAK27303) that was initially identified may be a splice variant transcribed from a PAM locus; the presence of a stop codon (Williamson et al. 2000) does not preclude this, as the case of the Acropora AmPAM-2 locus indicates. In fact, this hypothesis is supported by the presence of two bands in a northern blot of C. parasitica PHM ( fig. 4 in Williamson et al. 2000) ; the larger (5.1Kb), which could not be explained at the time, may correspond to a PAM.
The cnidarian data, which also include an incomplete Hydra PAM sequence, indicate that PAM genes sensu stricto were present in the eumetazoan common ancestor. In another major nonbilaterian group, the ctenophores, ESTs encoding PHMs (accessions FP991635 and FP993094), and PAL (accession CU419907) were identified in Pleurobrachia pileus and a genomic scaffold (accession JH152654) from Mnemiopsis leidyi contains a putative PAM gene. More surprisingly, the placozoan T. adhaerens, which has only four or five cell types and is arguably among the simplest of free-living animals Srivastava et al. 2008 ) also has a full-length PAM. Moreover, a PAM gene may also be present in sponges, which are thought to have diverged earliest among the nonbilaterian animals (Philippe et al. 2009; Pick et al. 2010; Srivastava et al. 2010) ; an incomplete PAM gene, which nonetheless contained an exon linking PHM and PAL, was identified in the genome of the demosponge A. queenslandica (accession ACUQ01006333), and incomplete ESTs encoding PHMs were identified in both A. queenslandica (accession GW171704) and the homoscleromorph sponge Oscarella carmela (accession EC372107).
Outside the animal kingdom, no evidence was found for PAM, PHM, or PAL in choanoflagellates, fungi, or other eukaryotic groups, with the following notable exceptions: incomplete ESTs encoding PHM and PAL in the dinoflagellate Karenia brevis (Alveolata) and PHM in Emiliania huxleyi (Haptophyceae), and, more strikingly, robust evidence of a single full-length PAM in several species of algae. The indicates the clade formed by the three algal sequences, and the cluster shaded in blue comprises the vertebrate (single copy) PAM sequences. The relatively poor support for the algal clade under ML analysis is likely to be a result of the divergent nature of the Ostreococcus sequence. The invertebrate sequences formed two distinct clades: one (the largest area shaded orange) consisting exclusively of stand-alone PHMs and the other (the larger area shaded yellow) consisting predominantly of PHM domains from PAM proteins. In all arthropods except Daphnia, only stand-alone PHMs are present; the clade formed by the insect sequences is highlighted in yellow within the larger orange shaded box. Some branching patterns within the clade composed largely of PHM domains from PAM proteins were not strongly supported; however, the cnidarian sequences were clearly resolved into two distinct subclades that were each strongly supported (smaller areas shaded orange within the larger yellow shaded areas). The Acropora proteins AmPAM-1 and AmPAM-2 (boxed and in red font) define these two clusters of cnidarian sequences.
The Ancient Origin of PAM · doi:10.1093/molbev/mss114 MBE sequences in these species, which included Chlamydomonas reinhardtii, Micromonas pusilla, Ostreococcus lucimarinus, Ostreococcus tauri, and Volvox carteri f. nagariensis have .77% (median of 80.6%) of residues identified to be important in rat PAM, including 94% of those in the PHM domain (supplementary table 1, Supplementary Material online).
Evolutionary Relationships between Amidating Enzymes
Phylogenetic analyses were conducted on the PHM domain ( fig. 4) and PAM proteins (supplementary fig. 2 , Supplementary Material online) separately using representative sets of sequences in both cases. In the PHM phylogeny, both the single-domain PHMs and the corresponding PHM domain from PAM sequences were included, but for the PAM phylogeny, only the two-domain proteins were considered. In the PHM phylogeny, DBM sequences, which are closely related to but distinct from PHM, were included as an outgroup. PAL domains are divergent and could not be unambiguously aligned; hence, in this case, phylogenetic analyses were not attempted. Divergence in the PAL domains also complicated the analyses of bifunctional PAM proteins.
Within the animal kingdom, the vertebrate sequences (i.e., the PHM sequences from the single-copy vertebrate PAM proteins) formed a distinct clade with high support in both ML and BI analyses (fig. 4 ), and this grouping was also well supported in analyses of complete PAM sequences (supplementary fig. 2, Supplementary Material online) . The invertebrate PHM sequences formed two distinct clades, one consisting of stand-alone PHMs and the other consisting predominantly of PHM domains from PAM proteins. Many bilaterian invertebrates (including Ciona intestinalis, Strongylocentrotus purpuratus, Lottia gigantea, Capitella teleta, C. elegans, and Daphnia pulex) are represented in each clade, whereas insects (which possess only stand-alone PHMs) are not represented in the second invertebrate clade. Among arthropods, the crustacean Daphnia pulex is atypical in being represented in both invertebrate clades, so it will be of interest to determine the situation in other arthropods outside of the insects.
Overall, topology within the second (i.e., the invertebrate PAM) clade was not well resolved, although some groupings were well supported. All the cnidarian sequences fell into this clade and formed two groups within it: those more similar to AmPAM-1 and those more similar to AmPAM-2. The C. parasitica PHM (accession AAK27303) clusters with AmPAM-2 and PAM from this species (accession AAG44250) clusters with AmPAM-1, providing further support for the idea that the sequence reported as a PHM is in fact a splice variant, as in the case of the Acropora AmPAM-2 locus. N. vectensis possesses an ortholog of AmPAM-1 and has two PHM sequences that cluster with AmPAM-2, one of which, on the basis of both genomic and transcriptomic data, may be a PAM splice variant and the other which appears to be a bona fide stand-alone PHM. The incomplete H. magnipapillata PAM sequence is more similar to AmPAM-2 than AmPAM-1, but it is currently unclear whether the presence of two distinct PAM loci is a characteristic of anthozoans (corals and sea anemones) or of cnidarians in general. The position of the placozoan (T. adhaerens) sequence within the invertebrate PAM cluster is unclear as it did not group reliably with either subclade. Phylogenetic analyses of whole PAM proteins (supplementary fig. 2 , Supplementary Material online) did not clarify evolutionary relationships between the invertebrate PAM proteins, most likely as a consequence of levels of divergence in the PAL domains.
The three algal sequences included in the phylogenetic analyses (Chlamydomonas reinhardtii, Ostreococcus tauri, and Volvox carteri) formed a well-supported group that was clearly distinct from all of the animal sequences ( fig. 4 and supplementary fig. 2 , Supplementary Material online) but still clearly belonged to the PAM/PHM clade. In analyses that included DBM as well as PAM/PHM sequences, the algal PAMs grouped with their animal counterparts with high statistical support (100% in both ML and BI), suggesting that the plant and animal genes may have a common origin and that the divergence of PAM/PHM from DBM is more ancient than the divergence of plants and animals.
Discussion
Reconstructing the evolutionary history of PAM genes is complicated by the fact that in many cases alternative splicing of the primary transcript leads to the production of single domain proteins, so transcriptomic data alone may be inconclusive with respect to the presence or absence of genes encoding bifunctional PAM. In light of this, it is necessary to re-evaluate some of the published data concerning the evolution of peptide amidating enzymes. Contrary to earlier indications (Hauser et al. 1997; Williamson et al. 2000) , cnidarians including A. millepora, C. parasitica, and N. vectensis (and most likely also H. magnipapillata) all possess at least one bifunctional PAM. In Acropora, one of the PAMs is predicted to be membrane associated, whereas the other is soluble and also expressed (as a splice variant) in a form that gives rise to a PHM-only protein. Given the importance of peptide signaling in cnidarians (Grimmelikhuijzen et al. 2002; Fujisawa 2008) it is perhaps not surprising that multiple PAMs and variants thereof are present. Although the presence of bifunctional PAMs in placozoans and sponges, animals that lack both nervous and true endocrine systems, might initially appear more surprising, in both cases, possible explanations are emerging. In the case of Trichoplax, a bifunctional PAM and cells that react to an antibody against the amidated peptide RFamide (which in the closely related cnidarians acts as an important neurotransmitter) are present (Schuchert 1993) , consistent with the idea that Trichoplax is secondarily simplified from a more complex ancestor Srivastava et al. 2008 ) that perhaps used amidated peptides for signaling. Recent work Attenborough et al. · doi:10.1093/molbev/mss114 MBE on Hydra (Takahashi and Fujisawa 2009) , where peptides secreted by epithelial cells have been implicated as short range signaling molecules involved in pattern formation, suggests a possible role for PAM in sponges. These same authors quote unpublished work indicating that PHM and PAL are found in choanocytes and archeocytes of the freshwater sponge Ephydatia fluviatilis and speculate that an early role of amidated peptides may have been interepithelial cell communication. In any case, it is clear that rather than arising in the vertebrate lineage or in the Bilateria, the fusion event that gave rise to the bifunctional PAM enzymes occurred much earlier in evolution-certainly prior to the divergence of sponges from the metazoan stem.
The occurrence of bifunctional PAMs in algae is still more remarkable, and although this suggests common ancestry, convergence cannot yet be ruled out. If metazoan and algal PAMs share a common ancestor, then this dates back to early eukaryote evolution (.1,000 Ma) and losses have occurred in several lineages including higher plants, amoebae, fungi, and choanoflagellates (although amidated peptides have been identified in a higher plant [Lackey 1992] ). In the case of PAMs, convergence may seem unlikely, but there are precedents for independent fusion of functionally related domains. For example, the metazoan Toll-like receptors have functional equivalents among the plant R-(resistance) proteins; members of both protein families contain a toll/interleukin receptor and a number of leucine-rich repeats, and the proteins function in immunity in the two kingdoms, but the plant and animal protein families have separate evolutionary origins (Ausubel 2005) . One could argue that the Ostreococcus PAM might represent a special case, as one feature of the genomic downsizing observed in this pico-eukaryote is that a number of novel gene fusions have occurred (Derelle et al. 2006; Palenik et al. 2007 ). However, no such logic can be applied to the cases of Chlamydomonas and Volvox.
Although it is possible that the algal and animal PAMs had separate origins, a common origin is at least as likely. Together with animals, green algae such as Chlamydomonas have retained a surprisingly large number of characteristics (such as flagella) and genes (such as those encoding type III adenylyl and guanylyl cyclase proteins) that are not present in higher plants (Merchant et al. 2007 ), providing precedents for the observed distribution of bifunctional PAMs. Indeed, Blanc et al. (2010) identified 27 protein families (including PAMs) present in all species of green algae whose genomes have been completely sequenced, and in other eukaryotes but not higher plants, and suggested gene loss in the higher plant lineage. Potential precursors for each of the two domains are present in bacteria (e.g., the Sorangium cellulosum genome [accession AM746676] is DBM-like between bases 9865348 and 9866667 and PAL-like between bases 3564480 and 3564728), but there is no evidence for the presence of prefusion precursors in eukaryotes, suggesting that rather than having separate origins, a single fusion event gave rise to the precursor of bifunctional PAMs prior to the plantanimal divergence. The S. cellulosum sequence is classified as DBM-like rather than PHM-like on the basis of two conserved catalytic core residues (see Materials and Methods); however, these key residues may not be reliable indicators for such a diverged sequence since the S. cellulosum sequence may be equally related to both DBM and PHM, having arisen from the common ancestor of both. Horizontal gene transfer could be invoked to bridge the gap between algal and animal PAMs, but the level of divergence at all but the critical catalytic residues argues against any such event having occurred recently. Intron positions are uninformative with respect to the question of convergence or common ancestry; although many of the intron positions are conserved between Acropora and the mammals, the Chlamydomonas and animal PAM intron positions are not conserved, and the Ostreococcus PAM locus contains only a single intron.
Although the question of whether the green algal and metazoan PAMs have a common ancestor remains open for the moment, the evolutionary trajectory of amidating enzymes within the animal kingdom can be seen more clearly (fig. 5) . A bifunctional PAM either predates the Metazoa or arose very early in metazoan evolution, as indicated by single copies in the early diverging Amphimedon (sponge; although this sequence is incomplete) and Trichoplax (placozoan) genomes. After this, the most parsimonious explanation for the observed clear split between PAM and stand-alone PHM clades ( fig. 4) is that duplication of the ancestral PAM occurred, followed by loss of the PAL domain from one copy. Insects have gone one stage further and lost the bifunctional PAM altogether. PAM duplication has also occurred in the Cnidaria, but this may postdate the cnidarian divergence. Under our model, the stand-alone invertebrate PHM has been maintained alongside PAM but lost entirely in vertebrates. Possibly, the PHM only and PAM proteins of invertebrates may function in different cellular compartments, as PAL activity is only essential in the acidic environment of vesicles (Eipper et al. 1992b) . Vertebrates, in contrast, have generated a variety of proteins with different properties in another way: imposing more complex alternative splicing on the single PAM locus. In some specific lineages, further duplications and reductions seem to have occurred, producing the extra stand-alone PHM in Nematostella and Daphnia and the stand-alone PALs (in addition to PAM and PHM) in several bilaterian invertebrates.
The apparently patchy distribution across the eukaryote lineages may reflect sampling error, as genomic data for some groups are sparse or lacking, so the question of common ancestry versus convergence should be revisited when key groups are better represented. Our knowledge is also limited by a lack of functional data for PAM outside bilaterian invertebrates and vertebrates; it remains to be seen whether the assumption of conserved function accompanying conserved residues extends from rat to Acropora and algae. Nonetheless, it is clear that although PAM is essential to nervous system function in vertebrates, this is not where it first arose or fused from separate domains. PAM is at least as old as the first animals and may be as old as the algalanimal common ancestor.
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Although unexpected, there are a number of precedents for gene families associated with the bilaterian nervous system having much earlier evolutionary origins. Many of the genes once known only in the context of the post-synaptic scaffold (PSS) are present in the sponge Amphimedon queenslandica (Sakarya et al. 2007) , and a substantial number of the proteins that these encode have the same domain organization as their bilaterian counterparts. Some PSS proteins clearly have premetazoan origins; for example, members of the membrane-associated guanylate kinase protein family are present in the protist Capsaspora (Ruiz-Trillo et al. 2008 ) and choanoflagellates (de Mendoza et al. 2010) , and a more extensive survey (Alie and Manuel 2010) revealed a number of other PSS proteins in choanoflagellates. On the basis of these findings, Galliot and Quiquand (2011) proposed a two-step model for the evolution of nervous systems, the first step being the recruitment of ancient proteins to form a precursor of the PSS and the second being the emergence of many novel neurogenic gene families in the common ancestor of eumetazoans. The PAM data presented here show that PSS components are not the only ''nervous system'' proteins to predate eumetazoan origins; as in the evolution of other new systems, neurogenesis involves both novel genes and the co-option of much older genes to new functions. Rather than being uniquely associated with the nervous system, the PAMs belong to the co-opted category.
Supplementary Material
Supplementary figures. 1 and 2, supplementary tables 1 and 2, and supplementary methods are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
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FIG. 5. Phylogenomic distribution of PAM, PHM, and PAL genes. The PAM, PHM, and PAL complements of representative species are shown. The ''?'' for PAL in prokaryotes reflects the presence of NHL (pfam01436) repeat-containing proteins with some similarity to PAL in several species of bacteria (proteins with equivalent similarity to PHM were not found, but one instance of a bacterial protein with similarity to DBM was found in the Sorangium cellulosum genome [accession AM746676] between bases 9865348 and 9866667). Although the S. cellulosum sequence is classified as DBM-like rather than PHM-like on the basis of two conserved catalytic core residues (see Materials and Methods), these key residues may not be reliable indicators for such a diverged sequence. The S. cellulosum sequence may be equally related to both DBM and PHM, having arisen from the common ancestor of both; this uncertainty is indicated by a ''?'' for PHM in prokaryotes. The situation in Amphimedon and Hydra is uncertain due to the incomplete nature of the available sequences. Evidence for the second PAM in Nematostella is incomplete (the annotated transcript codes for the PHM domain only, but the downstream genomic sequence has the potential to code for a PAL domain). Symbols on the tree indicate proposed gain (full symbols) or loss (crossed symbols) of PAM (linked red and yellow boxes), PHM (red box), and PAL (yellow box) in a scenario that assumes homology without horizontal gene transfer. LUCA, last universal common ancestor; LECA, last eukaryotic common ancestor. 
